The influence of innervation on primary and secondary myogenesis and its relation to fiber type diversity were investigated in two specific wing muscles of quail embryo, the posterior (PLD) and anterior latissimus dorsi (ALD). In the adult, these muscles are composed almost exclusively of pure populations of fast and slow fibers, respectively. When slow ALD and fast PLD muscles developed in ovo in an aneurogenic environment induced after neural tube ablation, the cardiac ventricular myosin heavy chain (MHC) isoform was not expressed. The adult slow MHC isoform, SM2, appeared by embryonic day 7 (ED 7) in normal innervated slow ALD but was not expressed in denervated muscle. Analysis of in vitro differentiation of myoblasts from fast PLD and slow ALD muscles isolated from ED 7 control and neuralectomized quail embryos showed no fundamental differences in the pattern of MHC isoform expression. Newly differentiated fibers accumulated cardiac ventricular, embryonic fast, slow SMl and SM3 MHC isoforms. Nevertheless, the expression of slow SM2 isoform in myotubes formed from slow ALD myoblasts only occurred when myoblasts were cultured in the presence of embryonic spinal cord. Our studies demonstrate that the neural tube influences primary as well as secondary myotube differentiation in avian forelimb and facilitates the expression of different MHC, particularly slow SM2 MHC gene expression in slow myoblasts.
Introduction
Adult skeletal muscle is composed of several distinct fiber types characterized by different rates of contraction and classifiable into two major groups, fast and slow. Their contractile properties are determined in part by the complement of myosin heavy chain (MHC) isoforms which the fibers contain (Barany, 1967) . In the adult animal, experiments altering the activity pattern of muscle fiber (e.g. nerve cross-union, electrical stimulation) have shown that the nerve can control and specify muscle fiber phenotype (for review, see Jolesz and Sreter, 1981; Pette and Vrbova, 1985) .
One of the most intriguing questions about muscle development is how fiber type diversity arises and is con-trolled. During embryonic development, two distinct populations of fibers can be recognized because of their time of formation and relative size (Kelly and Zacks, 1969) . In chick limb, the first generation of differentiated muscle cells or primary myotubes begins to appear on embryonic day (ED) 4-5 and continues to form muscle fibers until about ED 7-8. A second population of myotubes, which first appears as short cells underlying the basal lamina of primary myotube, forms from ED 7-8 to ED 13 (Crow and Stockdale, 1986 ; for review see Miller, 1992; Stockdale, 1992; McLennan, 1994) . Studies have shown that a difference in fiber phenotype occurs very early in the chick embryo. Future fast and slow muscle fibers can be differentiated in developing limb bud muscles at ED 6.5 in ovo (Sweeney et al., 1989) . More recently, Page et al. (1992) demonstrated that different phenotypes appearing among hindlimb fibers in chick embryo as early as ED 4 are due to fiber-specific expression of two slow MHC isoforms. Conversely, secondary Copyright 1996 Published by Elsevier Science Ireland Ltd. All rights reserved PII SO925-4773(96)00564-3 myotubes first express fast MHC isoform (Miller and Stockdale, 1986) . It is generally considered that many primary myotubes are not initially innervated in certain muscle areas (Tosney and Landmesser, 1985; Dahm and Landmesser, 1988) and that their differentiation into a spatial pattern of slow and fast fiber types is independent of the nervous system (Butler et al., 1982; Philipps and Bennett, 1984; Crow and Stockdale, 1986) . Evidence for intrinsic fiber type differentiation has also been provided by Miller, Crow and Stockdale, who isolated three distinct classes of myoblast clones from the young chick limb bud (ED 3 in ovo) (Miller et al., 1985; Crow and Stockdale, 1986; Miller and Stockdale, 1986; Stockdale, 1992) . Secondary myotubes form after the muscle mass has been invaded by all of the motoneurons innervating the muscle (for review, see McLennan, 1994) . Moreover, studies of aneural or paralyzed muscles in rat and chick embryos have suggested that secondary myogenesis is a nervedependent process (Harris, 1981; McLennan, 1983; Ross et al., 1987) . More recent studies reevaluating the effect of suppressing nerve influence on myogenesis have concluded that the formation and survival of a subset of primary myotubes require innervation. A small proportion of secondary myotubes still forms without nerves and is determined by the number of surviving primary myotubes (Condon et al., 1990; Fredette and Landmesser, 1991) . Using two mutant mouse strains with the experimental manipulations of chronic paralysis and total denervation, Ashby et al. (1993a,b) demonstrated that a substantial proportion of primary myotubes failed to survive after denervation, paralysis or loss of contractility.
The extent to which differentiation of fiber types in avian embryo is independent of the nervous system is still unclear. The present study was undertaken to reinvestigate the role of muscle innervation in the control of embryonic myogenesis. We chose to compare the differentiation of specific muscles, namely the posterior (PLD) and anterior latissimus dorsi (ALD), which in the adult contain almost exclusively pure populations of fast and slow fibers, respectively. These brachial muscles are both derived from the primary dorsal muscle mass (DMM) (ED 5) which forms in the anterior limb bud by migration of undifferentiated myogenic cells from the somites, a process which ends at ED 3 in ovo (Sullivan, 1962; Chevallier et al., 1977; Beresford, 1983) . By ED 5.5-6 the DMM cleaves into four distinct divisions, including the latissimus dorsi muscle (LDM) which we are concerned with here. The division of the LDM into distinct anterior and posterior regions (the future ALD and PLD muscles, respectively) occurs at ED 6.5-7 (Sullivan, 1962; Butler et al., 1982) . Unlike the axial muscles, the formation of which depends on the presence of neural tube during early development (Packard and Jacobson, 1976; Teillet and Le Douarin, 1983; Kenny-Mobbs and Thorogood, 1987; Rong et al., 1992; Borman and Yorde, 1994; Buffinger and Stockdale, 1994; Stern and Hauschka, 1995) , limb and body wall muscles, though derived from the dermomyotome, differentiate in the absence of the neural tube (Teillet and Le Douarin, 1983; Rong et al., 1992) . Motor nerves first enter the prospective muscle region of the limb bud as early as ED 4.5 in ovo (Bennett et al., 1980 (Bennett et al., , 1983 . To determine the effects of innervation on the fiber type diversity of quail embryonic ALD and PLD muscles, MHC expression was examined in normal innervated muscles and in muscles deprived of motor innervation by deletion of the brachial segment of neural tube. To ensure a completely aneurogenic environment for developing brachial muscles, surgery was performed at 19-somite stage, before the exit of ventral root fibers (Bennett et al., 1980) In another approach, we cultured quail myoblasts derived from rudiments of fast PLD and slow ALD (ED 7), either alone or in the presence of neurons isolated from embryonic brachial spinal cord, and then monitored the expression of MHC isoforms. Although ALD and PLD muscles were just beginning to be innervated at the time of explantation (ED 7) (Lance-Jones and Landmesser, 1980, 1981; Smith and Slater, 1983) , it is conceivable that this initial innervation stage could have an influence on fiber diversity. In an attempt to test this hypothesis, we also established aneural cell cultures from rudiments of ALD and PLD muscles which were rendered aneurogenic by deletion of the brachial segment of the neural tube in order to ensure that myoblasts were deprived of any neural influence before plating.
Our studies indicate that innervation influences primary as well as secondary myotube differentiation in avian forelimb, especially MHC isoform expression. When brachial slow ALD and fast PLD muscles developed in ovo in an aneurogenic environment, the primordial cardiac ventricular MHC isoform was not expressed. Taken together, the present in vivo and in vitro studies indicate that innervation stimulates the expression of slow MHC, particularly the adult slow SM2 isoform in slow myoblasts of the ALD.
Results

MHC isoform expression in in ovo developing ALD and PLD muscles
HVl 1 (ventricular MHC) and EB 165 mAb (embryonic fast MHC) reacted with virtually all muscle fibers which formed in the dorsal premuscle mass of the forelimb (DMM) by ED 5 (Fig. la-c) , whereas mAb NA8 (SM2 and SM3) stained only some fibers (Fig. Id) . By ED 6, all fibers in the LDM (commun primordium to ALD and PLD muscles) reacted with HVI 1 and EB 165 mAb (Fig.  le,f) , and many fibers also reacted with NA8 mAb (Fig.  Ig) . No immunoreactivity was detected with NA3 mAb (SM2), indicating that the only MHC recognized by NA8 . Most muscle fibers reacted with HVl 1 and EB16.5 mAb, while only some fibers were stained with NA8 mAb (x240). (e-g) MHC expression in the LDM of the forelimb bud. Serial sections through the brachial level of ED 6 quail embryo stained (e) with HVl 1 (ventricular MHC), (f) EB165 (embryonic fast MHC) or (g) NA8 mAb (SM2, SM3) (X 110). All muscle fibers of the LDM (arrow) reacted with HVl 1 and EB165, and many fibers also reacted with NA8 mAb. mAb was SM3. By ED 7, the LDM had split into specific slow ALD and fast PLD muscles. At this stage, immunoreactivity with HVl 1 (ventricular MHC) (Fig. 2a ,k) and EB165 mAb (embryonic fast MHC) (Fig. 2bJ ) was distributed throughout these muscles. In ALD muscle, all fibers reacted with NA2 (SMl and SM2) (Fig. 2c) , NA3 (SM2) (Fig. 2d) and NAS mAb (SM2 and SM3) (Fig. 2e ) though more weakly with NA3 mAb. Only a few fibers in the PLD were recognized by NA8 mAb (Fig. 20) and not by NA2 (Fig. 2m ) and NA3 mAb (Fig. 2n) , suggesting that the MHC recognized by NA8 mAb within the fast muscle was SM3. Later on, the reactivity with HVll mAb (ventricular MHC) was reduced and finally eliminated at ED 12 in both muscles (Fig. 2f,p) . By ED 12, strong immunoreactivity with EB 165 mAb (embryonic fast MHC) was detected in all fast PLD muscle fibers ( Fig. 2q ) but had disappeared in almost all slow ALD fibers (Fig. 2g) . The number of PLD fibers immunoreactive with anti-slow MHC-mAb markedly increased until ED 9 (not shown), but was greatly reduced later on since only some fibers reacting with NA3 (SM2) and NA8 (SM2, SM3) were observed within PLD muscle at ED 12 ( Fig. 2r-t) . At this stage, all ALD fibers were strongly reactive with NA2 (SMl, SM2), NA3 (SM2) and NA8 (SM2, SM3) mAb (Fig. 2h-j) . No reactivity was found with 2E9 (neonatal fast MHC) and AB8 mAb (adult fast MHC) during embryonic development of slow ALD and fast PLD muscles.
MHC isoform expression in ALD and PLD muscles developing in aneural conditions
The neural tube was surgically removed to assess its possible influence on MHC isoform expression in ovo. Ablation was performed at the 1Psomite stage at the level of the last seven somites in order to suppress the neural tube portion innervating ALD and PLD muscles. To evaluate the effect of neural tube removal on the innervation pattern, embryos were sectioned and all serial sections were immunostained with anti-NF and anti-MHC mAb. Our study was based on 32 operated embryos examined at different ages (five at ED 4, ten at ED 5, eight at ED 6, nine at ED 7) in which neural tubes had been successfully removed. As previously described, when the neural tube was removed and the notochord left in place, spinal ganglia failed to differentiate but sympathetic ganglia developed (Teillet and Le Douarin, 1983) . In all cases examined at deletion level, there was a complete absence of spinal cord and motor axons, whereas sympathetic ganglia were formed (Fig. 3a) . Until ED 4, somites were normally segmented and myotomes had a normal appearance, being composed of cells which reacted, as in controls, with HVll (ventricular MHC) and EB 165 mAb (embryonic fast MHC) at the operated level. From ED 5 to 7, myotomes were well developed in size, although their morphology was altered in some respects (Fig. 3a) . They were sometimes fused in a semicircular mass when only the notochord was present (Christ, 1970; Rong et al., 1992; Bober et al., 1994) . At these ages, myotomes contained cells which also reacted with HVll (ventricular MHC), EB165 mAb (embryonic fast MHC) and with NA8 mAb (SM2, SM3) but not with NA3 mAb (SM2). This indicated that slow MHC recognized by NA8 was SM3. Comparative analyses indicated that the chronological sequence for the appearance of DMM and the subsequent formation of LDM and distinct ALD and PLD muscles was similar in both experimental and control embryos. As in controls at ED 5-7, muscle fibers in DMM (Fig. 3b) , LDM, ALD ( Fig. 3d) and PLD ( Fig. 3i ) reacted with EB165 mAb (embryonic fast MHC). A striking result was that the absence of neural tube affected the expression of the cardiac ventricular MHC isoform (HVll mAb), which completely disappeared in DMM (ED 5), LDM (ED 6), ALD ( Fig. 3c ) and PLD muscles (ED 7) (Fig. 3h) . However, as noted above, this expression persisted in myotomes (Fig. 3a) . On the other hand, the expression of the cardiac ventricular MHC isoform was also inhibited by ED 5 in the ventral premuscle mass (VMM) (three major muscles, and especially the pectoral muscle, are derived from the VMM) and by ED 6-7 in pectoral muscle. Another important result was that, in contrast to control muscles, aneurogenic ALD muscles never reacted with NA3 mAb (SM2) by ED 7 (Fig. 2d versus Fig. 3f ). Immunoreactivity with NA2 (SMl, SM2) and NA8 (SM2, SM3) also decreased in ALD by ED 7 when compared to the control (Fig. 2c ,e versus Fig. 3e,g ). Moreover, aneurogenic ALD and PLD were smaller than innervated control muscles ( Immunostaining with EB165 mAb (embryonic fast MHC) was maintained in a few ALD fibers (g), while all PLD fibers were stained with this mAb (q). ALD muscle reacted strongly with NA2 (SMI, SM2) (h), NA3 (SM2) (i) and NA8 mAb (SM2, SM3) (i), whereas only some PLD fibers were labeled with NA3 (s) and NA8 mAb (t) and none with NA2 mAb (r). ALD, arrow; PLD, arrowhead (x50).
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hibited in aneurogenic brachial muscles. In addition, slow ALD muscle failed to express the SM2 isoform (NA3 mAb) when it developed in the total absence of nerves.
In vitro developmental potentialities of ALD and PLD myoblasts
Six days after plating, the myoblasts and rare myotubes within the ALD and PLD cultures expressed cardiac ventricular MHC (HVll mAb) almost exclusively. ALD myoblasts proliferated and differentiated more rapidly than PLD myoblasts, but no striking differences were observed between ALD and PLD cultures after day 15. In these aneural culture conditions, some acetylcholine receptor (AChR) clusters and a few diffuse patches of acetylcholinesterase (AChE) were visible on the surface of myotubes but never co-localized (Fig. 4a) . By day 15, in ALD as in PLD cultures, 80-85% of HVl 1 mAb-positive myotubes (ventricular MHC) were labeled with EB165 mAb (embryonic fast MHC). At this stage in ALD cultures, approximately 30-35% of HVl 1 mAb-positive fibers (ventricular MHC) reacted with NA8 mAb (SM2, SM3), and very few fibers (~5%) with NA2 (SMl, SM2) and NA3 mAb (SM2). Slow MHC accumulation involved a higher percentage of fibers in PLD cultures than in ALD cultures; about 70% of PLD myotubes co-expressed ventricular cardiac (HVl 1 mAb) and slow (NA8 mAb) MHC.
The pattern of MHC expression was also analyzed by immunoblotting at day 15 (Fig 4b) . When equivalent amounts of proteins were blotted to nitrocellulose in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and underwent reaction with mAb, MHC recognized by HVl 1 (ventricular MHC) and EB 165 mAb (embryonic fast MHC) were accumulated in higher proportions in ALD than PLD cultures. As noted above, this may have been related to the advanced state of maturation of ALD as compared to PLD cultures. The reactions of blots with NA8 mAb (SM2, SM3) were less intense for ALD than PLD culture extracts, confirming that PLD cultures at this stage accumulated higher amounts of slow MHC than did ALD cultures.
As revealed by immunocytochemistry and immunoblotting, the stronger expression of NA8-labeled slow MHC (SM2 and SM3) than that of NA2-(SMl and SM2) and NA3-labeled slow MHC (SM2) suggests that SM3 was predominant among the slow MHC isoforms by day 15 in both culture systems (Fig. 4b) . With additional time in culture (by day 20), only 15% of HVll mAb-positive PLD myotubes were labeled with NA8 mAb (SM2, SM3), indicating that slow MHC expression in PLD cultures was transient. At this stage, about 80% of HVll mAb-positive myotubes in ALD cultures were labeled with NA8 mAb. Immunoblotting analysis confirmed that MHC labeled by NA8 mAb (SM2, SM3) was lower in PLD than in ALD cultures after 20 days (Fig. 4~) . No developmental change of NA2 (SMl, SM2) and NA3 (SM2, SM3) mAb reactions with ALD and PLD cultures was seen. No immunoreactivity with 2E9 (neonatal fast MHC) and AB8 (adult fast MHC) was observed in differentiated myotubes in vitro.
In vitro developmental potentialities of ALD and PLD myoblasts co-cultured with neurons
When nerve cells prepared from ED 3 embryos were added to ALD or PLD myoblasts previously cultured for 3 days, neuron clusters immunolabeled with anti-NF mAb appeared within 24 h. Numerous axons sprouted from these clusters, crossed over the culture and contacted myotubes (Fig. 4d) . After 3 days of co-culture, a few small AChR clusters stained by rhodamine-coupled abungarotoxin were visible on some myotubes, which showed diffuse patches of AChE along their surface. At longer culture times, AChR increased in number and size, and intense patches of AChE appeared. After day 7, the majority of fibers displayed AChR clusters as well as patches of AChE, and in some cases co-localization of AChE patches and AChR clusters (Fig. 4e-g ). It was impossible to determine that AChE-AChR clusters in cocultures corresponded to neuromuscular contacts since axons and nerve endings were generally disrupted after histochemical or immunohistochemical treatment for detection of AChR and AChE patches. Myotubes in cocultures began contracting vigorously at day 5 and pulled off the culture dish after 9-10 days. This observation suggested the presence of contacted myotubes in our cocultures.
After day 3, all myoblasts and myotubes in ALD and PLD co-cultures expressed ventricular cardiac MHC isoform (HV 11 mAb) and a few myotubes were labeled with EB165 (embryonic fast MHC) and NA8 mAb (SM2, SM3). After day 9, the vast majority (approximately 85-90%) of HVl 1 mAb-positive fibers (ventricular MHC) in both co-cultures were stained with EB165 mAb (embryonic fast MHC). At this co-culture time, reactivity with NA8 (SM2, SM3) and especially NA3 mAb (SM2) was increased for ALD (6570% of HVl 1 mAb-positive fibers reacted with NA3) but involved only a few myotubes for PLD. For equivalent amounts of proteins, the immunoreactivity of nitrocellulose transfers with NA8
(SM2, SM3) and NA3 mAb (SM2) was significantly higher in ALD co-cultures than in aneural ALD cultures, confirming that slow MHC expression (especially of SM2) was enhanced in co-culture (Fig. 4h, 
In vitro developmental potentialities of ALD and PLD myoblasts derived from neuralectomized embryos
Cultures were prepared from denervated ED 7 ALD and PLD muscles from embryos deprived of neural tube at the 19-somite stage. In all cases examined at deletion level, there was a complete absence of spinal cord and motor axons. The operation was performed on 540 embryos, and 287 surviving at ED 7 in which the neural tube had been successfully removed were used for this study. In each 2-week-old culture, some areas showed a typical morphology, with elongated, striated myotubes arranged in a parallel pattern, whereas others displayed very large syncytia resulting from the lateral fusion of many myotubes characterized by a disrupted myofibrillar organization and containing numerous clustered nuclei (Fig. 4i) . No other morphological changes were observed with increasing culture times. After 2 weeks, most myotubes, including the large syncytia in both ALD and PLD cultures, reacted with HVI 1 (ventricular MHC) and EB 165 mAb (embryonic fast MHC). Slow MHC expression was detected between days 10 and 20 in ALD and PLD cultures. The number of myotubes labeled with NA8 mAb (SM2, SM3) was variable but generally reduced, and only a few myotubes were recognized by NA3 mAb (SM2). Despite myofibrillar disorganization, syncytia accumulated MHC isoforms which had an expression program similar to that observed in cultures established from innervated ALD and PLD. No degeneration process was apparent in the cultures, and they could be maintained for extended periods (20-30 days).
Discussion
This study analyzed the influence of innervation on MHC expression during the development of muscles predominantly destined to be of fast (PLD) or slow (ALD) type in the adult. Microsurgical removal of the neural tube was performed at the 19-somite stage; this technique ensures a totally aneurogenic environment for the developing brachial muscles. As previously noted by other authors (Butler et al., 1982; Teillet and Le Douarin, 1983; Rong et al., 1992) , neuralectomy did not prevent wing muscle development. The cleavage of primary dorsal and ventral limb bud muscle masses (DMM and VMM), the formation of LDM primordium, and the division of the LDM into distinct ALD and PLD muscles proceeded on schedule after neural tube excision. However, aneural DMM (ED 5), LDM (ED 6), ALD and PLD (ED 7) lost their expression of ventricular cardiac MHC. Similar changes occurred in other muscles such as the VMM and pectoralis. Conversely, by ED 7 ventricular cardiac MHC isoform was detected in developing axial myotomes as well as in controls. Some studies have shown that axial musculature requires the influence of neural tube and/or notochord to develop normally (Teillet and Le Douarin, 1983; Rong et al., 1992) . In recent experiments, Bober et al. (1994) observed that myotomal cells express transcripts of muscle-specific genes shortly after somite segmentation in the absence of neural tube, but that their further differentiation depends on the presence of neural tube. In our study, ventricular cardiac MHC was expressed in the wing bud by ED 5, some hours after the nerve had entered the DMM (ED 4.5) (Bennett et al., 1980) . which suggests that neural signals are required to induce ventricular cardiac MHC expression in wing muscles. This is consistent with the inhibition of ventricular cardiac MHC expression in anterior limb bud muscles after neural tube excision. In brachial myotomes, ventricular cardiac MHC isoform was expressed at the 24-somite stage (results not shown), before the nerve reached the myotomes (ED 3.5-4) (Bennett et al., 1980) . Although axial and limb muscles are derived from somites, their progenitors differ in their response to neural signals. Similar to controls, nearly all myotubes within the aneurogenic brachial (DMM, LDM, ALD and PLD) and axial muscles exhibited EB 165 MHC immunoreactivity, indicating that the expression of fast embryonic MHC by primary myotubes was independent of innervation. A recent study performed in our laboratory with chick embryos showed that the differentiation of EB165positive myotomal cells was unaffected by neural tube ablation (Auda-Boucher et al., 1995) .
It is clear that myoblast diversity exists within the fiber population of brachial muscles. Immunohistochemical staining of fibers with antibodies against slow MHC showed that the SM3 isoform, as evidenced by NA8 mAb staining (SM2 and SM3) and the absence of NA3 mAb staining (SM2), was expressed in a subset of DMM and LDM fibers. When the LDM cleaved into ALD and PLD muscles, SM3 was detected in all slow ALD fibers but only in some fast/slow PLD fibers. Slow SM3 isoform expression in presumptive slow and fast/slow fibers was previously found in the hindlimb as early as ED 4-5 (Page et al., 1992) . In addition, our results show that SM2 expression, as evidenced by NA3 mAb staining, occurred by ED 7 in all slow ALD fibers. SM2 expression only appeared very rarely in primary fibers of fast PLD muscle. Initial detection of SM2 isoform, which is known to be expressed predominantly as the slow ALD develops (Matsuda et al., 1982; Gardahaut et al., 1988) , constitutes the first evidence for ALD differentiation towards the adult slow phenotype. It is noteworthy that ALD and PLD muscles are innervated (Dahm and Landmesser, 1988) at about the same time that primary myotubes begin to differentiate into slow phenotype in ALD muscle. Several studies have noted a decrease in the number of fibers expressing slow myosin in paralyzed and aneural chick musculature (Gauthier et al., 1984; Crow and Stockdale, 1986; Phillips et al., 1986) , but this decrease occurred only after secondary myotubes would normally have formed, indicating that the effect was subsequent to the formation of primary myotubes. These authors do not indicate which slow MHC isoform was affected by removal of nerve activity. Our results show that early neural tube ablation at the brachial level prevented expression of the slow SM2 isoform by primary myotubes in slow ALD muscle. As previously reported (Butler et al., 1982 ) the volume of ALD and PLD muscles after neural tube removal was significantly reduced by ED 7 (before secondary myogenesis). Bloom et al. (1985) demonstrated that direct electrical stimulation applied to the aneurogenic brachial muscles in vivo via implanted electrodes enhanced muscle growth and survival, thus indicating that activity is an important growth-promoting influence during early myogenesis. Our observations are in agreement with previous reports showing that the primary myotube population is reduced by a lack of innervation or by activity blockade, although to a lesser extent than secondary myotube formation (Fredette and Landmesser, 1991; Ashby et al., 1993a,b; Wilson and Harris, 1993) .
Our in vitro study was conducted to determine whether fiber type diversity derives from the intrinsic myogenic properties of myoblasts populating ALD and PLD muscle rudiments or requires interaction with innervation.
Although most myotubes exhibited the typical morphology characteristic of secondary (fetal) myotubes (White et al., 1975; Rutz and Hauschka, 1982; Miller and Stockdale, 1989) , it cannot be excluded that myotubes derived from primary myoblasts were present in our cultures. In both ALD and PLD cultures, myocytes and myotubes first expressed essentially ventricular cardiac and embryonic fast MHC isoforms. These observations confirm that the contractile protein isoform expression in aneural cultures during the first week resembles that of the initial contractile protein pattern of early embryonic muscle (see Van Horn and Crow, 1989) . In both types of culture, some myotubes subsequently expressed slow MHC isoforms as well, predominantly SM3 (NA8 positive/NA2 and NA3 negative cells). After 2 weeks, the higher expression of slow MHC in PLD cultures proved transient, decreasing markedly by day 20. A similar process was also observed during in vivo PLD differentiation (see also Renaud et al., 1983) .
When cultured in aneural conditions, slow and fast myoblasts showed a similar ability to express MHC isoforms upon differentiation.
In addition, no differences were seen between aneural cultures established from myoblasts isolated from previously innervated or aneurogenie ALD and PLD muscles. This indicates that nervemuscle contacts prior to myoblast explantation did not influence the program of MHC expression. Although the cultures contained very large syncytia resulting from the lateral fusion of many myotubes, the temporal expression pattern of MHC isoforms was not modified when compared to that observed in cultures established from innervated muscles and maintained for long periods (at least 25 days). These observations indicate that the possibility of muscle cell degeneration can be excluded.
Contrary to results for embryonic developing muscles, the ability of myotubes formed in vitro to undergo changes associated with muscle maturation appears limited. The suppression of ventricular cardiac MHC in both ALD and PLD myotubes was not observed in vitro. Fast embryonic MHC repression and the appearance of slow SM2 isoform did not occur in slow ALD maturing myotubes in vitro. The culturing of ALD and PLD myoblasts with neurons resulted in vigorously contracting myotubes. Co-culturing enhanced the clustering of AChR and the appearance of AChE patches, and some fibers exhibited patches of AChE activity coincident with AChR clusters, indicating that synaptic maturation had occurred (Franck and Fischbach, 1979; De La Porte et al; Fontaine et al., 1986; Udsin and Fischbach, 1986) . Many experiments involving electrical stimulation, mechanical stretch and paralysis have shown that muscle activity can influence myosin expression in cell cultures (for review, see Cerny and Bandman, 1986) . The increased muscle activity in our co-culture system could have been responsible for the advanced expression of ventricular cardiac and fast embryonic MHC isoforms, as compared to aneural cultures.
A major finding of this study was that neurons enhanced the expression of slow MHC (especially induction of SM2 expression) in ALD myotubes differentiating in vitro, as assessed by immunocytochemical and immunoblotting analyses.
Myoblasts isolated from fast PLD muscle did not respond to innervation by increasing slow MHC accumulation.
Taken together, the results of the present in vivo and in vitro studies indicate that innervation plays an inductive role in slow SM2 isoform expression in ALD myotubes. In a previous work, we showed that chronic electrical stimulation applied to the brachial spinal cord of the chick embryo modified the expression of myosin light chain isoforms in secondary myotubes. Those experiments led us to conclude that the accumulation of fast or slow isoforms is dependent on the rhythm of motoneuron activity (Gardahaut et al., 1990) . Diisterhijft and Pette (1990) demonstrated that electrically induced contractile activity at a slow rate enhances the expression of slow myosin light chain in cultured secondary myotubes. In view of these studies, it is likely that the increased expression of slow MHC in ALD co-cultures is related to the slow frequency of neuron firing in culture (Slaaf et al., 1979; Nurse, 1981a,b; Ziskind-Conhaim and Dennis, 1981) .
Alternatively, it is possible that diffusible motoneuronderived factors mediate the neural-induced effect on myotube differentiation in vitro. In this respect, bFGF has recently been localized in chick embryo neural primordium as early as ED 2 (Kalcheim and Neufeld, 1990) . The presence of bFGF in neural tube at the time of explantation suggests that this growth factor stimulates myoblast proliferation and fusion in co-cultures. Interestingly, the work of De Pablo et al. (1990) demonstrates the presence of high affinity IGF-I receptors in limb bud as early as day 4 and suggests that IGF-I may function as a maturation factor during early muscle differentiation. Nevertheless, it has not been determined whether IGF-I is present in neural tube, so that the influence of this factor on myoblast differentiation in our co-culture system remains speculative.
Experimental procedures
Animals
Quail embryos were obtained from Coturnix coturnix japonica T.S. eggs incubated at 37-38°C in a humidified incubator. Embryo stages up to E3 were defined by the number of somite pairs. Thereafter, ages were assigned according to the days of incubation.
Control embryos were sacrificed at various time-points between ED 4 and 16 of development.
Neural tube ablation
Embryos were at the 19-somite stage when operated.
Using a microscalpel, the neural tube was separated from the somitic mesenchyma at the level of the last seven somites and the rostra1 part of the segmental plate mesoderm. Embryos were sacrificed after surgery between ED 5 and 7. They were then treated by an immunocytochemical procedure or their aneural muscles were excised to be dissociated and cultured.
Cell cultures
Primary muscle cultures were established from either normal innervated ALD and PLD muscles of ED 7 or denervated ALD and PLD muscles from ED 7 embryos operated at the 19-somite stage. Muscles were removed, dissected free of all connective tissue, transferred into Eagle's minimum essential medium (MEM; Gibco) and mechanically dissociated by repeated pipetting through a syringe. Cells were collected by centrifugation at approximately 200 x g for 10 min, resuspended in MEM and plated at a density of 18 X lo3 cells/cm2 (32.5 X lo3 cells/ml) in 4-well Lab-Tek chambers in MEM supplemented with 10% fetal calf serum, penicillin (166 III/l) and gentallin (200 ml/l). In a first series, ten culture wells on average were established from 60 innervated ALD or PLD muscles. In a second series, ten culture wells on average were established from 70-80 ALD or PLD muscles arising from neuralectomized embryos. For each condition and each culture time, 40-50 wells were observed. The cultures were routinely grown at 37°C in a 5% CO2 atmosphere. Medium was replaced every 2 days. The absence of nerve cells in culture was demonstrated by using an antibody to 68 kDa neurofilament.
In another series, myoblasts deriving from ALD and PLD (ED 7) were first allowed to differentiate for 3 days before neurons from ED 3 quail neural tube were added to cultures. The truncal parts of ED 3 embryos were digested in pancreatin solution, and a microscalpel was used to separate the neural tubes from the somites and notochord. The neural tubes were then transferred into MEM supplemented with 10% fetal calf serum and mechanically dissociated by repeated pipetting through a syringe. Cells were collected by centrifugation at approximately 200 x g for 10 min, resuspended in MEM and added at a density of 25 X lo3 cells/cm2 (46 X lo3 cells/ml) to myotube cultures. Co-culture examination was carried out between day 3 and day 12 after plating. Triplicate dishes (30 wells) were used for each type of co-culture (ALD, PLD) and each culture time.
lmmunocytochemistry
MHC detection
HVll mAb reacted with myosin from adult chicken ventricle (Bourke et al., 1991) . Embryonic fast MHC was detected using the specific EB 165 mAb which reacts with all known fast embryonic MHC isoforms and with adult fast MHC in the chicken (Cerny and Bandman, 1987; Bandman et al., 1990) . 2E9 mAb was used for fast neonatal isoform (Bandman, 1985; Cerny and Bandman, 1987; Bandman and Bennett, 1988) , and AB8 mAb for fast adult isoform (Cerny and Bandman, 1987; Bandman and Bennett, 1988) . NA2 mAb reacts with slow isoforms SMl and SM2, NA8 mAb with SM2 and SM3, and NA3 mAb with SM2 only (Bandman et al., 1990; Bourke et al., 1995) (Table 1) . Identical results were obtained with quail myosin (results not shown).
4.4.4.1. Whole embryos. Embryos (ED 4-12) were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) and frozen in liquid nitrogen-cooled isopentane. After ED 12, ALD and PLD muscles were dissected, fixed in paraformaldehyde in PBS and cooled in liquid nitrogen. Cryostat-cut sections (7pm) from embryos or muscles were collected on gelatin-coated slides. Serial sections from different ages were incubated for immunofluorescence labeling to determine their MHC contents. To control the efficiency of neural tube ablation, the presence or absence of nerves was determined using an antibody to neurofilament (monoclonal antineurofilament 68 kDa, clone NR4, Sigma ImmunoChemicals, NF) in control and experimental series. All anti-MHC antibodies were diluted 1:2500 in PBS and applied either for 1 h at 37°C or overnight at 4°C in a damp box. Sections were washed in PBS, and the second antibody (fluoresceinlabeled goat anti-mouse IgGl diluted 1:lOO in PBS) was laid on sections for 1 h at room temperature. 4.4.4.2. Cultures. Cultures were washed with PBS, fixed for 10 min with 95% ethanol, treated for 30 min with 5% Triton X-100, reacted with the anti-MHC antibodies and processed for detection of Ab binding as described for embryonic sections. An antibody to 68 kDa neurofilament was used to detect neural constituents in all culture systems. The cultures were washed several times with PBS and coverslipped with glycerol-PBS.
Double immunofluorescence
labeling. Sections of embryos, muscles or cultures were incubated first with either anti-MHC mAb (1:2500) or anti-NF mAb (1: 1000) followed by rhodamine-conjugated goat (RITC) anti- mouse IgGl diluted 1: 100, as described for single labeling, and then treated with fluorescein-conjugated anti-MHC mAb (1:800). The percentage of HVll-positive cells expressing fast or slow MHC (EB165 or NA8-positive cells/I-IV 11 -positive cells X 100) was determined after scoring a minimum of 150 cells/well.
AChE staining
AChE was detected immunohistochemically using an anti-AChE C-6 antibody specific for chicken and quail AChE (Grassi et al., 1988; Chatel et al., 1994) . Cultures were fixed in paraformaldehyde, diluted at 2% in PBS for 10 min and then incubated for 1 h with anti-AChE C-6 diluted 1:250 in PBS. They were subsequently rinsed three times (10 min) in PBS and incubated for 1 h with the second antibody (fluorescein-labeled goat anti-mouse IgGl diluted 1:lOO in PBS) and post-treated for immunolabeling.
AChR clusters
AChR were visualized on myotubes differentiated in culture. Cultures were first incubated for 30 min in PBS containing 2% fetal calf serum to block non-specific sites. AChR were revealed by incubation in tetramethylrhodamine-conjugated a-bungarotoxin (TRIC a-BGT; Molecular Probes, Inc.) diluted 1:500 in PBS containing 2% fetal calf serum for 1 h at room temperature. Cultures were then washed twice (30 min) in PBS-glycerol or posttreated for immunolabeling.
Gel electrophoresis and immunoblotting
Myosin extracts were prepared according to the method of d 'Albis et al. (1986) . Briefly, muscle tissues were washed with a solution of 20 mM NaCl, 3.4 mM P04H2Na 2H20, 1.6 mM P04HNa2 12H20, 1 mM EGTA (pH 6.45) at 4°C. After centrifugation at 10 000 X g at 4°C for 5 min, myosin was extracted from pellet after 30 min of gentle stirring at 4°C in a solution of 100 mM Na, Pz07, 5 mM EGTA, 1 mM dithiothreitol. This solution was centrifuged twice for 5 min at 10 000 X g, and the supernatant was diluted in cold glycerol. MHCs were separated by SDS-PAGE (Laemmli, 1970) at a concentration of 6% acrylamide bisacrylamide. Gels were run at 20 mA for about 3 h. The proteins were transferred onto a nitrocellulose sheet (Burnette, 1981) at about 200 mA for 4 h using a Trans-Blot cell (Bio-Rad). The nitrocellulose transfers were blocked for 30 min in 5% non-fat powdered dry milk in PBS, incubated with the different mAbs (diluted 1:250 in blocking solution) overnight at 4"C, washed, and incubated in a secondary antibody, horseradish peroxidase-conjugated anti-mouse IgG (diluted 1:lOOO in PBS), for 90 min at room temperature. Antibody binding was detected using enhanced chemoluminescence (Amersham blotting kit).
